Oxygen capture in the lung results from the intimate dynamic interaction between the space-and timedependent oxygen partial pressure that results from convection-diffusion and oxygen extraction from the alveolar gas and the space and time dependence of oxygen trapping by the red blood cells flowing in the capillaries. The complexity of the problem can, however, be reduced due to the fact that the systems obey different time scales: seconds for the gas phase transport and tenths of seconds for oxygen trapping by blood. This results first from a dynamical study of gas transport in a moving acinus and second from a new theory of dynamic oxygen trapping in the capillaries. The global solution can be found only through a selfconsistent iterative approach linking the two systems. This has been accomplished and used to quantify oxygen capture in various situations: at rest, during exercise, ventilation-perfusion mismatching, high altitude and pulmonary edema.
Introduction
The scientific understanding of oxygen capture has changed over time based on the conceptual and experimental tools that were available (West, 2004) . Now, numerical tools exist that allow us to investigate the dynamic nature of oxygen capture in an unsteady realistic environment and complex geometry. Thus, herein a theory is presented that takes into account the complexity of the lung morphology, and the dynamics of respiration and oxygen trapping. It will be shown that because of the different characteristic time scales of oxygen transport in gas and blood, it is possible to study both separately although oxygen capture finally depends on their complex interaction.
In earlier studies, the possible non-uniformity of the oxygen concentration (also called incomplete gas mixing or stratification, Scheid and Piiper, 1980) was related to the finite diffusivity of oxygen (Dutrieue et al., 2000; Felici et al., 2003 Felici et al., , 2005 Grebenkov et al., 2005; Hou et al., 2010; Mayo et al., 2012; Engel, 1985, 1987; Sapoval et al., 2002a, b; Swan and Tawhai, 2011; Tawhai and Hunter, 2001; Weibel et al., 1981 Weibel et al., , 2005 . To study the system from the gas point of view, we developed the concept of a "machine acinus" (Foucquier et al., 2013) . This machine has realistic morphology and dynamics (Haefeli-Bleuer and Weibel, 1988; Weibel, 1984) but with an unknown permeability ˝, hereafter called the "integrative permeability". We suppose that in the artificial machine, blood acts as a perfect sink. The development determines the ˝ values that give the same oxygen capture as the real acinus does under an oxygen partial pressure of approximately 100 mmHg.
Of course, saturation does really intervene and we show, by studying the blood point of view, how saturation evolves in time allowing us to determine the value of ˝. Our results are different from those derived from the conventional approach which uses, for oxygen, the formalism introduced by Roughton and Forster (1957) for the carbon monoxide case. This difference comes from the previous misinterpretation of the time scales involved in the establishment of dissolution.
Respiration results from the complex interaction between gas dynamics and blood saturation depending on the distribution of oxygen partial pressure. It is then only by combining the gas and blood approaches in a self-consistent manner that we are able to build a quantitative theory of oxygen capture with no adjustable parameters. This general approach can be applied to the quantification of many situations such as ventilation-perfusion heterogeneity, respiratory response to altitude, the existence of a respiratory reserve and a decrease of arterial oxygen partial pressure in pulmonary edema.
The theory for oxygen capture by blood can be also applied to other gases. Herein we consider the diagnostic and a radius of a red blood cell C E oxygen concentration on the external surface of a red blood cell C g local oxygen concentration in gas C p oxygen concentration in the internal fluid assimilated with plasma C RBC oxygen concentration in a red blood cell C S oxygen concentration in air at sea level 
Methods

The gas phase transport: the machine acinus at rest and during exercise
If the oxygen (O 2 ) concentration is non-uniform, the differential oxygen flux across an element of the alveolar surface dS at position x and time t can be expressed by
where C g (x,t) is the local O 2 concentration, C v is the mixed venous O 2 concentration in blood plasma (assumed to be constant during a breathing cycle) and ˛ is the Ostwald partition ratio (dimensionless ratio of concentration in liquid to concentration in gas at equilibrium, 0.024 for oxygen in water and air). Units of flux are molecules/time and ˝ is expressed in units of length/time or velocity. Note that the usual physiological units in terms of partial pressures obscure the fact that the permeability really measures an average molecular velocity that is explicit in this formulation. Permeability is usually measured in standard physiological units such as volume per unit surface per unit time per partial pressure (for instance ml STP cm −2 min −1 mmHg −1 ; where STP refers to standard temperature and pressure). Here we use the equivalent physical units, length divided by time or velocity units, to emphasize that the permeability is a measure of average molecule velocity. The equivalence between the physical and the physiological units of permeability is then given by ˝ (cm s −1 ) = 12.7 × ˝p hysiol (ml STP cm −2 min −1 mmHg −1 ). The O 2 concentration is space-and time-dependent because it is governed by convection, diffusion and permeation across the peripheral surface. Assuming that the transverse diffusion time across the acinar duct is negligible compared to the stream-wise transport during the respiratory cycle, the 1D convection-diffusion-permeation equation can be used to determine the gas distribution in each acinar branch (Foucquier et al., 2013) .
where D is the O 2 diffusion coefficient in air (0.20 cm 2 /s), and S(x)/V(x,t) is the exchange surface to volume ratio. The gas velocity U(x,t) is driven by the inspiration-expiration motion. Eq. (2) was solved using finite difference methods as described previously (Foucquier, 2010; Foucquier et al., 2013) with the backward Euler scheme used for the time derivate. Then, C g (x,t) is computed by the Newton-Raphson method until the residual falls below 1e−6. The process is repeated until the largest difference of C g (x,t) between successive respiratory cycles is smaller than 1e−3. The average symmetrical tree of Haefeli-Bleuer and Weibel (1988) was used to describe the acinar morphology. All parameters and breathing conditions are summarized in Table 1 . If we compute oxygen capture in an asymmetric acinus as described by HaefeliBleuer and Weibel (1988) , we obtain similar results (Foucquier, 2010) .
The total O 2 flow rate of an acinus during a respiratory cycle T is simply:
If we assume that the whole lung consists of identical acini, then, the amount of O 2 uptake of the whole lungV O 2 iṡ
where N ac is the number of acini in the lung. The time and spatial average of alveolar O 2 partial pressure P g (x,t) is defined as:
where V ac is the volume of an acinus. The results of parametric simulations in terms of ˝, for exercise and rest, are shown in Fig. 1 . Average alveolar oxygen partial pressure, P A , and oxygen uptake,V O 2 , are plotted as a function of ˝. One observes that the machine does not respond linearly to ˝, reflecting the complex dynamic behavior of convection-diffusion-permeation along the respiratory tract. Thus, oxygen capture cannot be understood from the Bohr "ansatz" that "the flux should be proportional to the permeability". Furthermore, given the ventilation, the functioning of the acinus is controlled by . In order to obtain the values of ˝ for which the machine acinus works like a real acinus, the data are replotted in Fig. 2 using a s an implicit variable. Experimentally determined conditions of P A of 100 ± 5 mmHg andV O 2 of 100-150 and 9-13.4 mmol/min for exercise and rest (Astrand et al., 2003) respectively are indicated by the horizontal blue lines and vertical red lines. Within the resulting boxes are found the compatible ˝ values of around 3.5 m/s and 0.41 m/s for exercise and rest, respectively. The distribution of the alveolar O 2 partial pressure and capture in space and time for exercise and rest are displayed in Fig. 3 . Note that the distributions are very different, even if the average P A of each case is about 100 mmHg.
In summary, the function of the machine acinus is determined by the value of the integrative permeability but in a complex nonlinear manner. In order to explain why this parameter differs by nearly an order of magnitude between exercise and rest, it is necessary to understand how blood saturation is modified between these states as discussed in the next section.
Blood saturation dynamics: filling a large tank through a narrow pipe
Oxygen capture in blood occurs through several steps: (1) dissolution, (2) diffusion through membrane and plasma to the red blood cells (RBCs), (3) transmission across the RBC membrane, (4) diffusion inside the RBC, and finally (5) trapping by hemoglobin (Hb). In their famous interpretation, Roughton and Forster (1957) defined two steady state resistances that incorporated steps (1 + 2) and (3 + 4 + 5). Here, we analyze the same process but in the time domain. We obtain different results that are expressed in terms of known or measurable quantities that lead to a different understanding of the overall process.
A key ingredient of our approach is the recognition that dissolution is a local molecular event with a characteristic time of order 10 −12 -10 −11 s. Therefore, the concentration at the alveolar membrane interface can be considered as instantaneously equilibrated according to ˛. So, dissolution does not slow down the dynamics of diffusion although it does slow down the steady state flux from gas to RBCs (Foucquier et al., 2013) . For further explanation on this seemingly paradoxical point, see the Section 3.4.2 of this reference. At the plasma-RBC interface, the molecular process (step 3) is also considered very rapid. For step 4, the diffusion time inside a spherical RBC is of order a 2 / 2 D Int ≈ 1 ms, where a ≈ 3 m is the radius, and D Int ≈ 10 −5 cm 2 /s is the O 2 diffusivity inside RBC. Thus, the characteristic times for steps 1, 3, and 4 are very short as compared with the time ı Hb associated with O 2 trapping by Hb, which is a few tens of milliseconds (Yamaguchi et al., 1985) . Therefore, the analysis only considers steps 2 and 5, diffusion through plasma to the RBC and trapping by Hb, with characteristic times ı Ext and ı Hb , respectively.
We assume that the periphery of a RBC has uniform concentration, C E (t B ), during O 2 capture and that the dynamics of the diffusion process obey a single time constant. So, the instantaneous O 2 flux (number of molecules per unit time) at time t B (note that we use the notation t B for oxygen trapping dynamics by blood) between the alveolar space and the external surface of the red blood cell can be written as
where C g is the local oxygen concentration in the gas at position x and time t of the respiratory cycle and ˛ is the gas-plasma partition ratio (assumed to be equal to the gas-water ratio). This formulation follows the fact that the flux is proportional to the difference of concentration between inner surfaces with a necessary dimensional factor of volume divided by a time. In reality, each RBC has its own time-dependent shape, local hematocrit environment, and possible clustering during capillary transport (McWhirter et al., 2009) . Consequently, different blood cells have different ı Ext values. Thus, ı Ext should be interpreted as an appropriate average of the time to diffuse from the gas to the periphery of the red blood cell. This time is unknown but it should be of order of 1 ms for a distance to cross of order 2 m. In fact, as shown below, the exact value of ı Ext plays no role in normal respiration.
The O 2 content of an RBC at time t B is the time integral of the flux, (t ), that has arrived from the internal surface of the alveolar membrane to the RBC surface from the moment the blood is in diffusive contact with the gas (Fig. 4) .
Combining Eq. (6) and the time derivative of Eq. (7) yields
Here, we consider that the RBC consists of Hb molecules and internal fluid (neglecting organelles). We suppose that Hb saturation responds to O 2 concentration in the internal fluid as in plasma. In other words, we assimilate the internal fluid with plasma.
Because the O 2 concentration within the internal fluid is approximately uniform, the overall RBC oxygen concentration can be expressed as
where C p is the O 2 concentration in internal fluid, N Hb is the number of Hb molecules per RBC, V p is the internal fluid volume per RBC, Sat.(C p ) is the O 2 saturation fraction of Hb that is a function of C p , and V RBC is the RBC volume. The right-hand-side of Eq. (9) defines a partition ratio, ˛ , between the concentration in plasma and in the RBC which can be obtained from the oxy-hemoglobin dissociation curve (Fig. 5) . The relation between internal fluid oxygen partial pressure P p and oxygen saturation Sat. is modeled by the Hill equation:
where P p at 50% saturation is P 50 = 26 mmHg and n = 2.7 (Franck et al., 1997) . One can suppose that the average concentration inside the RBC equilibrates with its surface with the hemoglobin time constant ı Hb as follows:
The time evolution of C RBC is obtained by substituting Eq. (8) into (11) or in terms of C p (t B )
We use the notation t B , for the time spent by blood in diffusive contact with the alveolar gas, to make it clear that there exists a specific dynamics for blood saturation. The global trapping time constant is then ı Hb + ˛ ı Ext where ı Ext is of order 1 ms, ı Hb is of order tens of ms, and ˛ is about 200 (Fig. 5) , so the global time constant is approximately ˛ ı Ext . This result implies that oxygen trapping is mainly controlled by diffusion from the alveolar space toward the RBC surface. However, the overall timing to saturation is affected by the large "oxygen capacity" of RBCs, making the actual process slower; as occurs with the analogy of filling a large tank, here a RBC, through a narrow pipe, here diffusion from gas to the RBC surface, as shown in Fig. 6 .
Numerical solution of Eq. (13), using ˛ from Eq. (9), gives the time evolution of C p (in Fig. 7 ) and Sat. (in Fig. 8 ) for two different values of the local partial pressure, P g (x,t). (This calculation replaces the classical Bohr integration.) Although C p is non-linear, surprisingly, Sat. is almost linear. totally different grounds, namely through a complex finite element computation of capture by parachute shaped RBCs. The similarity between Whiteley's and our results corroborates our simplified trapping model. Furthermore, our assumption that ı Ext is of order 1 ms is justified by Whiteley's results. (However, as shown below, as long as ı Ext remains of order 1 ms, its exact value plays no role in oxygen capture in the healthy lung.)
In addition, recent visualization of in vivo oxygenation dynamics using a mouse model (Tabuchi et al., 2013) 8 . Time evolution of blood saturation for ıExt = 1 ms and Cg corresponding to 70 mmHg and 100 mmHg, respectively. Also shown in blue is the saturation evolution predicted by Whiteley (2006) from a finite element calculation. The final saturation value is close to 0.96 for Pg(x,t) = 100 mmHg. Note that the initial saturation value for exercise is here 0.34 whereas the experimental value is really about 0.2. This discrepancy is due to the use of the same oxy-hemoglobin dissociation curve (rest) to check the coherence of our approach whereas the actual oxy-hemoglobin dissociation depends on many factors such as pH, PCO 2 , and temperature that are modified between rest and exercise. The arrows are used to define the approximate saturation time ts.
exercise t s is about 0.05 s and 0.12 s, respectively. These values are an order of magnitude shorter than the respiratory cycle duration. They are also shorter than the capillary times t c , 1 s at rest and 0.3 s during exercise.
To conclude, this analysis finds that oxygen trapping is independent of blood velocity, although this velocity does determine whether or not blood becomes saturated by controlling the duration of the diffusive contact with the alveolar gas.
Results
Resolving the integrative permeability
To determine ˝, the number of molecules extracted from the machine acinus is set equal to the number of molecules trapped by the capillary RBCs. The number of extracted molecules per unit lung surface during the capillary transit time t c is ˝(C g -C v /˛)t c. During the same time, the number of trapped molecules by the RBCs per unit lung surface is (C RBC (t c ) -C RBC (0))·V c ·Hct/S Lung where V c is the pulmonary capillary volume, Hct is the hematocrit and S Lung is the lung surface area. Solving for ˝, one obtains:
By definition C RBC (t B ) = C RBC,sat ·Sat.(t B ) and from Eq. (9) C RBC,sat ≈ (4 N Hb /V RBC ). But the concentration at saturation can also be derived using the fact that saturated blood and sea level air have the same oxygen concentration (Weibel, 1984; West, 2008) . This equality is expressed as C RBC,sat × Hct = C s , where C s is the concentration in air at sea level (corresponding to 150 mmHg). Then, using the relation between cardiac output and capillary volume Q = V c /t c , Eq. (14) is
In Eq. (15), all the parameters are known or can be measured, making the concept of "capillary pressure" introduced by Bohr (1909) irrelevant for this analysis.
It should be stressed that the trapping time constant ˛ ı Ext does not appear in Eq. (15). Indeed, usually, when t s < t c , the trapping dynamics play no role. See example cases of t c,3 or t c,4 in Fig. 8 . But for some conditions (examples t c,1 or t c , 2 ), trapping dynamics will influence the value of Sat.(t c ), as shown below for pulmonary edema. Another key point is that, in general, ˝ is a function of position and time because C g in Eq. (15) is really a function of position and time. We do not give here the full position and time-dependent equations that have to be solved in the general case. Now we consider the simplified case where C g is constant, uniform and corresponds to 100 mmHg. The ratio C s /(C g − Cv/˛) is equal to 150/(100 − P V ), where P V is the mixed venous O 2 partial pressure. Using typical physiological data at rest: Q = 5 L/min; S Lung = 100 m 2 ; Sat.(t c ) = 0.97; Sat.(0) = 0.76; and Pv = 40 mmHg, Eq. (15) gives ˝ = 0.43 m/s for this bottom-up approach of oxygen trapping. This is to be compared with the value 0.41 m/s found in Section 2 from a top-down approach of the machine acinus.
In the simplified situation, the global O 2 capture per unit time iṡ V O 2 = ˝(C g − C V /˛)S Lung and using Eq. (15) this can be written aṡ
Not surprisingly, it shows that the metabolic rate (∼V O 2 ) is proportional to the total volume of oxygen carriers (the Hb molecules) times their velocity (∼1/t c ). This is simply "Fick's principle." But we now have a microscopic theory on how respiration achieves this energy transfer.
Using Eq. (16),V O 2 = 9.8 mmol/ min at rest and 107.8 mmol/min during exercise, compared with a range reported in the literature (Astrand et al., 2003 ) of 9-13.4 mmol/min and 100-150 mmol/min for rest and exercise, respectively. The predicted ratio ofV O 2 (exercise) toV O 2 (rest) is 11, close to the typical experimental value (West, 2008 ) of order 10.
A complete theory of oxygen capture
We now can build a complete theory that accounts for the full complexity of oxygen capture; expressed here by the fact that oxygen extraction is determined by ˝ which is itself a function of the oxygen distribution in the acinus. In Eq. (14), C g and C RBC (t c ) are functions of position and time, so ˝ = ˝(x,t). In particular, if P g (x,t) is low, the saturation is slowed down and t s may become larger than t c , creating a local de-saturation that modifies ˝. Eq. (14) gives the value of ˝(x,t) to be used in the convection-diffusion-permeation equation of Eq. (2). The global solution can then be found only through a self-consistent integration (performed numerically) of the differential equations governing the process. Note that the space and time average of local Sat.(x,t) enables us to compute the arterial O 2 partial pressure P a from the average saturation:
where S acinus is the acinus surface area, from which P a is deduced by inversion of Eq. (10). When we use the complete theory accounting for nonuniformity, we obtainV O 2 = 107 mmol/ min, P A = 101 mmHg and an average saturation Sat. = 97% for exercise anḋ V O 2 = 11.7 mmol/ min, P A = 96 mmHg and an average saturation Sat. = 97% for rest, again comparable to experimental measurements for normal healthy respiration (Astrand et al., 2003) .
Furthermore, the theory allows us to compute the capture per acinus as a function of respiratory parameters (e.g., P V , P I , Q,V , acinus morphology, etc.), thus predicting theoretically the consequences of various environmental or pathological situations where de-saturation might occur. Three applications of the theory are presented below: the role of ventilation-perfusion matching, respiration at high altitude, and pulmonary edema.
Applications: oxygen capture in three specific examples.
Ventilation-perfusion matching is important for gas exchange and the ratio of ventilation/perfusion (V/Q ) is considered a key parameter (West, 2008) . We investigate the effects ofV and Q in Fig. 9 , which shows that, at rest, varyingV with constant Q has little effect onV O 2 , whereas theV O 2 dependence on Q at constantV is significant. This finding is compatible with physiological observations that O 2 capture is perfusion limited. (Note thatV dependence of CO 2 removal through the Bohr effect could influence these results (West, 2008)) Furthermore, the theory enables us to compute oxygen capture for arbitrary values of ventilation and perfusion. Then, one can draw a contour map ofV O 2 in aV , Q plane, as shown in Fig. 10 . The analysis of the results clearly shows that it is not the ratioV/Q in itself that governs oxygen capture in a single acinus because of the greater dependence on Q thanV (at sea level).
The influence of altitude on O 2 capture can be computed by changing the altitude-dependent parital pressure of inspired oxygen P I . Consider the case of P I = 78 mmHg corresponding to the highest known altitude of human habitation ∼5000 m in Peru Mountains (West, 2002) . The results are shown in Fig. 11 . In contrast with the sea level respiration of Fig. 9 ,V O 2 now depends on ventilation. Also, solely controllingV and Q is not sufficient to maintain a normalV O 2 (or the basic metabolic rate) as long as P V remains at its sea level value of 40 mmHg. However, if P V decreases to 20 mmHg (top curves), one can recover, at rest, a normalV O 2 , and for normal life requiring a largerV O 2 , hyperventilation would be needed. This calculation confirms why hyperventilation has been considered the most characteristic feature of acclimatization at high altitudes (Schoene, 2001; West, 2008) .
It was previously shown that in normal, healthy conditions the saturation time of order ˛ ı Ext is less than the capillary time and does not affect oxygen capture; so there exists an oxygenation reserve. This is confirmed by the full calculation results shown in Fig. 12 . It shows that the diffusion barrier thickness can be increased up to some limit with no symptoms. This constitutes another safety factor for respiration (Mauroy et al., 2004) . But if ı Ext exceeds 15 ms, so that ˛ ı Ext becomes of the order of the capillary time, oxygen capture is reduced rapidly and de-saturation, measured by P a , occurs. These results constitute a quantitative prediction of the clinical consequences of thickened diffusion barrier caused by pulmonary edema or inflammation. 
Capture of CO and NO by blood
In this section, we show that Eq. (12) which has been used for O 2 capture can be used to understand the capture of carbon monoxide and nitric oxide, although the functional consequences are very different. For CO and NO, the time constants for diffusion from the gas to the RBC external surface ı Ext are of the same order of magnitude as for O 2 , about 1 ms. But the partition ratios ˛ are very different for the different species. Fig. 13 shows the dependence of ˛ CO deduced from the CO-Hb dissociation curve. Since we only consider very small CO partial pressures near 0.03 mmHg, ˛ CO is of order 10 3 -10 4 in Fig. 13 , whereas it is of order 200 for O 2 in Fig. 5 . Fig. 12 . Numerical prediction of the effect of pulmonary edema considered to be an increase in the duration of the diffusive transport between gas and RBCs. This duration is proportional to the square of the thickness of the diffusion barrier as indicated by the top scale. The thickness increase could reflect the existence of interstitial edema. The flat regions indicate the existence of a respiratory reserve against sub-edema. Note that the decrease in arterial O2 partial pressure andVO 2 occurs for the same ıExt value around 20 ms. Fig. 13 . Dependence of the partition ratio on CO partial pressure. This curve is obtained from the CO-Hb dissociation curve (Hill equation for CO), where P50 = 0.12 mmHg (Paulev and Zubieta-Calleja, 2004) and n is assumed to be the same as that of O2, 2.7. One notes the 2 orders of magnitude difference compared with oxygen in Fig. 5 .
The partition ratio ˛ NO should be even greater due to the extremely large affinity of hemoglobin for NO. This is important here as the time constant associated with the speed of trapping by the RBCs is ı Hb + ˛ ı Ext (in Eq. (12)). We have seen that for oxygen the second term is the principal contribution. The time constants ı Hb associated with each species can be estimated from their reaction kinetics: Yamaguchi et al. (1985) found that ı Hb,O 2 ∼30 ms and Cassoly and Gibson (1975) showed that ı Hb,NO ∼ 5 ms from their measurements. If we assume that ı Hb is inversely proportional to the reaction rate constant (Meyer et al., 1990) , we obtain ı Hb,CO ∼ 1.5 s.
In consequence, for NO, the Hb equilibrium time constants ı Hb,NO is negligible compared to ˛ NO ı Ext,NO . Also, we can assume that C RBC,NO and C p,NO are small enough because P V,NO remains very small during the DL NO measurement. Then, for NO, Eq. (12) can be written simply as
It is interesting to note that the time constant associated to this process includes the gas-liquid partition ratio ˛N O because the steady-state flow from gas to blood is effectively slowed down by the solubility process as explained in Foucquier et al. (2013) .
Eq. (18) describes the rate of NO capture by a single RBC. Assuming a homogeneous capture over the whole lung, the number of NO molecules leaving the alveolar volume per unit time is
The NO concentration in the alveolar volume V A , C g,NO (t) then obeys,
and C g,NO (t) follows an exponential decay
The above equations can be translated into familiar terms and units of DL NO using the formula: DL NO = V A × k NO /P b * in ml · min −1 · mmHg −1 , where P * b is the barometric pressure: 760-47 (water vapor pressure) = 713 mmHg. Introducing k NO from Eq. (21) one obtains
Eq. (22) indicates that the measure of DL NO is really an experimental determination of the ratio V c /ı Ext,NO . For instance, doubling both V c and ı Ext,NO brings the same DL NO .
Values of V c have been deduced through the Roughton and Forster interpretation to be around 70 ml (Hughes and Bates, 2003) . On the other hand, the anatomic values of V c deduced from morphometric studies (Gehr et al., 1978) are found to be larger, 200 ml. The recent observation, by Tabuchi et al. (2013) , that oxygen capture effectively starts before the capillary system would suggest that the V c , which really represents the blood volume in diffusive contact with the gas, could be larger. In the following, we use arbitrarily an intermediate value for V c of 100 ml.
Another important but unknown parameter is the external time constant ı Ext,NO which is associated with a purely diffusive process through the membrane-plasma medium. We recall that the corresponding parameter for oxygen ı Ext,O 2 plays no role in O 2 capture. From dimensional analysis, ı Ext,NO can be expressed as
where D NO is the molecular diffusivity of NO in the membrane-plasma medium and the length is an equivalent diffusion barrier thickness which is independent of the diffusing species.
From the experimentally measured DL NO = 144 ml min −1 mmHg −1 (Zavorsky et al., 2008) , we deduce ı Ext,NO = 0.96 ms with Hct = 0.4 and ˛N O = 0.041 (Cotes et al., 2006) . Using Eq. (23), we find = 1.58 m with D NO = 2.60 × 10 −5 cm 2 /s (Cussler, 1997) . As is independent of the diffusing species, it can be used in Eq. (23) for O 2 and CO to obtain ı Ext,O 2 = 1.19 ms and ı Ext,CO = 1.23 ms. From this analysis, ı Ext,O 2 can be considered as measured and is indeed of the order of the value mentioned in the discussion of O 2 capture. However, we recall that these results are related with the value that we use for V c .
Substituting Eq. (23) in Eq. (22) one writes
But V c ·Hct/ 2 is independent of the diffusing species so that it can be used to predict DL CO from DL CO under the same approximation with
and the ratio of the diffusing capacities for NO and CO reduces to the theoretical value DL NO /DL CO = ˛N O D NO /˛C O D CO . With ˛C O = 0.018 (Cotes et al., 2006) and D CO = 2.03 × 10 −5 cm 2 /s (Cussler, 1997) , the computed ratio is 2.92 instead of 4.75 obtained from measurements (Aguilaniu et al., 2008) . This discrepancy is significative of the fact that considering ı Hb,CO negligible as compared to ˛ CO ·ı Ext,CO is not well verified for CO. Then, CO capture should be computed by numerically solving the non-linear Eq. (13) but now for CO capture. To solve that problem, the time evolution of C p,CO per RBC is computed from Eq. (13) with the initial alveolar CO concentration of the typical single-breath measurement: The fraction of CO concentration to the inspired gas is 0.003 (Cotes et al., 2006) and the ratio of CO concentration in alveoli to the inspired gas is 0.35 (Hughes and Pride, 2012) . Then, the corresponding changes in C g,CO is calculated with V A = 5 L. Fig. 14 shows the time evolution C g,CO for various ı Hb,CO values.
In each case, k CO can be calculated using the relation: k CO = ln(C g,CO (t = 0)/C g,CO (1s))/(1s -0). Table 2 shows k CO and the resulting DL CO of each case. Compared to the measured DL CO = 28.1 ml · min −1 · mmHg −1 (Zavorsky et al., 2008) , it shows that, unlike NO, CO capture is decreased due to its slow reaction with Hb. Then, our computation suggests that the value of ı Hb,CO appropriate to describe DL CO would be more of the order of 3-5 s. (This might be due to the change of O 2 partial pressure during a breath hold but this cannot be concluded definitively).
Note that there is a basic difference between DL O 2 and both DL NO and DL CO . We have seen in Fig. 12 that an increase in the thickness of the diffusion barrier by a factor 2 would not modify oxygen capture, but it would create a significant increase in ı Ext . Thus, our analysis indicates that DL NO and DL CO are strongly sensitive to ı Ext , and therefore, to interstitial diseases.
At this point, one should recall that extensive studies have been made by Borland et al. (2010 Borland et al. ( , 2014 in the frame of Roughton and Forster decomposition. These works call for the possible existence of a diffusion barrier associated with the RBC membrane and also for the possible role of the inhomogeneity inside RBCs. In our perspective, the time for capture is the sum of a time associated to Hb reaction ı Hb and a time to "fill" the Hb reservoirs ˛ ı Ext . In that sense, the effects discussed by Borland et al. would contribute to the effective value of ı Ext which, as explained above, is not measured directly.
Discussion and conclusion
We have presented a general theory for oxygen capture that accounts for the dynamics of the respiratory cycle and trapping of oxygen by red blood cells. Using known physical equations, this "first principles" theory provides a direct link between quantities that drive respiration and are known or accessible experimentally (e.g., hematocrit, Hb properties, morphology, ventilation, cardiac output or capillary time, inspired gas composition, fresh air arrival time) and predictions of oxygen capture and arterial saturation. We have shown that the time constant for oxygen trapping by the RBCs is of order 0.1 s, much shorter than the respiratory cycle. And it is because the time-scales for gas and blood differ by an order of magnitude that the two processes can be studied separately although they are linked in a complex manner. This complexity arises here from the fact that oxygen extraction from the gas is determined by a space-and time-dependent integrative permeability that is linked to the oxygen distribution in the acinus. The global solution is therefore found only through a self-consistent integration (performed numerically) of the non-linear differential equations governing the process. In that sense, for oxygen, the very concept of permeability loses its pertinence because ˝ in Eq. (15) should be written as ˝(x,t) from the fact that C g and t c are really C g (x,t) and t c (x,t).
We should however recall the limitations of our approach. A first obvious limitation is that we deal with an average "acinus" and the results that we present at the lung level assumes a homogeneous functioning of the respiratory system. It is also assumed that inside this "typical acinus" the capillary system itself is homogeneous. On the other hand the single acinus results can be considered as a microscopic unit candidate for description of more global heterogeneity.
A second limitation is that factors related with the conducting airways were (1) expressed by boundary conditions (homogeneous arrival time to the acinus and re-inhalation of dead space gas) or (2) neglected (possible mixing between gases from different acini). But here again one can take advantage of this 'per acinus' approach for dealing with several types of heterogeneity such as heterogeneous ventilation or perfusion or both etc. For instance, Florens et al. (2011) showed that the oxygenation time of an acinus varies according to the path along the conducting airways to reach this acinus. Its qualitative consequences on oxygen capture could be dealt with in a future work.
In addition to that (1) we have used a single oxy-hemoglobin dissociation and (2) we have assumed that volume changes in alveoli are negligible compared to that of the ducts and that acinar tree dilates uniformly in the thoracic cage and (3) we have neglected the effect of gravity.
Our work can also be considered as a microscopic interpretation of the well-known Fick's principle in respiration. The difference between the present results and the Roughton and Forster interpretation is that oxygen capture is not limited by the sum of "steady state" diffusive component in the tissue-plasma and a combined diffusion-reaction component within the RBC but by the duration of trapping. And this duration, of order 0.1 s, is not influenced by the solubility but determined only by the product of an average duration of the diffusion time ı Ext from the internal interface of the gas-membrane separation to the external RBC membrane, multiplied by the partition ratio ˛ . So, for oxygen, in normal conditions, the speed of capture of oxygen by Hb molecules does not slow down significantly the global trapping process.
Using the same equations (as for oxygen) for the transport and trapping of CO and NO to predict DL CO or DL NO in the single-breath situation one obtains predictions that are compatible with experiments. But now, because there is no saturation, this capture follows a steady state regime in which the solubility (in the form of the gasfluid partition ratio ˛) does slow down the trapping flux. This is not surprising as the time-dependent transport equations are general and should also apply to a steady state regime. In the case of single-breath DL CO , the speed of capture of CO by Hb molecules participates to the global trapping process. So, although the measures of DL CO and DL NO are most important instruments in characterizing pulmonary diseases, they cannot be simply converted to oxygen capture.
The theory has been shown to be consistent with functional data for healthy lungs at rest and during exercise. But being general, the same approach can be used to investigate a wide variety of respiration issues. In this paper we have briefly applied the theory to predictions on the role of ventilation-perfusion matching, to respiration at high altitude, and to functional consequences of pulmonary edema. Future studies under consideration include various pathological situations described by modifications of the above mentioned governing parameters, analysis of the role of inhaled gas composition, and in a different perspective, to investigate athletic performances at altitude or the role of hematocrit.
